The goal of this study was to compare two surgical methods, the left carotid (LC) and the abdominal aorta (AA), for mouse instrumentation with telemetry devices, to determine the best method for measuring cardiovascular (CV) parameters by radiotelemetry in freely moving mice. Surgery success rate, postsurgical recovery rate, clinical parameters, CV data (baseline and response to nicotine) and circadian rhythm measurements were compared between these techniques. Brains of LC-implanted mice were evaluated for potential ischaemia by direct observation of the Circle of Willis anatomy and histopathology. For this purpose, a total of 31 CD-1 male mice were instrumented with PA C20 devices (10 with LC and 21 with AA). Mortality, morbidity, physical examination, body weight (BW), water and food consumption (W/FC), mean blood pressure (MBP) and heart rate (HR) were monitored daily during the recovery period (10 days). CV baseline data were recorded continuously during two periods of four days, and finally, both LC-and AA-implanted mice received an acute subcutaneous administration of 1 mg/kg nicotine; BP and HR were recorded during 5 h after nicotine administration. Results showed that, in LC-implanted mice, 80% survived surgery and recovered well. In contrast, only 57% of mice implanted with the AA technique survived surgery and some presented lethal complications. Both techniques had similar recovery times for BW and W/FC, comparable return to normal circadian rhythm (day 6 postsurgery) and similar CV baseline values. No significant differences were observed in CV response to nicotine between both groups of implanted CD-1 mice. No histopathological changes suggestive of ischaemia were noted in the brain of mice implanted in the LC. Six out of the eight LC-implanted mice remained in good health and had good pressure signal for at least 100 days post-surgery, while most of the AA-implanted mice lost the signal pressure within 14-49 days post-surgery. In conclusion, we believe that LC implantation in mice is superior to the AA technique and is more appropriate for long-term telemetry studies, especially for smaller (transgenic) animals.
blood pressure (MBP), as well as heart rate (HR) and physical activity (PA) in freely moving mice housed in their home cages. The main advantage imparted by telemetry over conventional cardiovascular (CV) measurement methods is the elimination of confounding stress effects introduced by handling, restraint and anaesthesia. Other advantages highlighted are the reduction in animal usage by 60-70% in single-use studies (Van Acker et al. 1996 , Kramer 2000 and by more than 90% in multiple-use studies (Kinter 1996) , and the refinement in animal procedures permitting virtually unrestricted continuous data collection (days, weeks, months or more) without the need for any special animal care.
A potential disadvantage of telemetry is the requirement of the invasive surgical procedure for the implantation of the transmitter device. Other disadvantages reported by telemetry users are the cost of the requisite equipment, the large amounts of data generated and the dedicated space needed within the animal facility where studies are conducted.
In the mouse, until recently, two principal methods were used for CV measurements, the indirect and non-invasive tail-cuff plethysmography (Krege et al. 1995) or the direct and invasive method indwelling fluidfilled catheters (Mattson 1998 ). The first method has the advantage of being noninvasive; however, its main disadvantage is that it requires extensive animal training, heating and restraint (Kramer et al. 2001) . The fluid-filled catheter method requires that animals be tethered, and catheter patency limitations prevent long-term measurements (Kramer et al. 2001) .
Although wireless radiotelemetry technology for monitoring laboratory animals has existed for at least 50 years, it has only been in the last 10 years that affordable, reliable and easy-to-use commercial products have been readily available for monitoring physiological signals in CV research (Kramer & Kinter 2003) . In fact, the recent development of miniature implantable radiotelemetric devices offers the possibility of long-term, hands-off blood pressure (BP) measurement in untethered mice living in their home cages. Continuous recordings can be made from mice for periods ranging from weeks up to six months. However, the implantation of the probe is more delicate in mice than in rats due to the small size of this species and the difficulties encountered during surgery. Two major surgical methods were described in the literature using left carotid (LC) or abdominal aorta (AA) implantation. For the latter one, the BP catheter is usually inserted into the AA, while the body of the transmitter is positioned in the peritoneal cavity (Mills et al. 2000) . An alternative approach places the pressure sensing catheter in the aorta, via the LC artery, and the transmitter body subcutaneously on the back at the midscapular region (Carlson & Wyss 2000) or along the right flank (Butz & Davisson 2001) . Previous data showed that there is higher morbidity and mortality using the conventional AA method compared with LC, probably due to longer anaesthesia and trauma associated with abdominal surgery (Carlson & Wyss 2000 , Mills et al. 2000 . Moreover, the size of the probe tip, which is nearly the same size as the AA, could induce risk of obstruction of blood flow to the hindquarters. Even though LC implantation appears to be a less invasive procedure, we must be aware that the Circle of Willis, allowing the vascularization of the brain, is not completely developed in some strains of mice; therefore, the carotid approach is not advised for these strains as ligature of the carotid artery could induce cerebral ischaemia (Carlson & Wyss 2000 , Mills et al. 2000 .
To date, only one previous study compared the two surgical techniques (AA and LC) in mice (Carlson & Wyss 2000) . Their study showed the difference between LC and AA implantations in terms of success rate and circadian MBP rhythm. Therefore, it is the first time that the two surgical implantations were fully compared in terms of recovery time, CV profile, pharmacological response to a reference drug and anatomical evaluation of the Circle of Willis (Figure 1 ) in CD-1 mice. Therefore, the purpose of this study was to Laboratory Animals (2007) 41 compare these two techniques by using the following steps:
(1) Assessment of the impact of the surgical method on the general health status of animals.
(2) CV parameters and MBP and HR circadian rhythms during recovery period.
(3) CV response to the reference compound nicotine was also measured in both groups of the implanted mice. (4) Finally, the brain of LC-implanted mice was evaluated for potential ischaemia by direct observation of the vascular anatomy of the Circle of Willis and histopathology.
Materials and methods

Animals
Thirty-one male Hsd:ICR(CD-1 s ) mice (Harlan, Horst, The Netherlands) weighing between 35 and 45 g (7-12 weeks) were implanted with PA C20 telemetry probes from Data Sciences International (DSI, St Paul, MN, USA). Ten mice were implanted with the LC method and 21 mice were implanted with the AA method. All animal protocols were approved by the Lilly Institutional Animal Care and Use Committee (IACUC) in accordance with the guidelines of the Association for Assessment Experimental procedure Surgery Anaesthesia: Mice were anaesthetized by isoflurane (Aerrane s ) and oxygen as gas carrier (1.5 L/min). Induction of anaesthesia was achieved with 3% of isoflurane in a closed chamber. The mouse's face was placed into a suitable mask during the surgery (approximately 45 min to 1 h 30 min depending on the procedure), under 1.5-3% of isoflurane. Respiration rate was maintained between 40 and 60 breaths/min. LC implantation method: Animals were placed on their backs on a heated pad (371C) with forelimbs secured using tape. Briefly, an incision at the level of the throat (2-3 cm from the ventral neck) was performed. Salivary glands were gently separated and the LC artery was isolated carefully. The catheter was inserted into the carotid after cranial permanent ligature and temporary caudal occlusion (over a length ranging from 11 to 12 mm). The same ligatures secured the catheter. The body of the device was slipped in a subcutaneous pocket and inserted through the same neck incision, on the left flank, as close as possible to the left hindlimb of the animal. Lastly, the skin was sutured with 6/0 absorbable skin suture (Safil Quick s 6/0 DSM11; B Braun Medical, Brussels, Belgium). AA implantation method: Briefly, a 2-3 cm midline abdominal incision was performed, and the organs were gently retracted to expose the aorta from the iliac bifurcation cranially to the renal arteries. The aorta was dissected from the surrounding fat and connective tissue and then separated gently from the vena cava just caudally to the point where the left dorsal muscular branch crosses over the aorta and before the testicular artery. The aorta was temporally occluded at this point by a ligature, while the catheter was inserted into the aorta (over a length ranging from 4 to 6 mm) and was secured using a very small drop of tissue adhesive (Vetbond s ; 3M, St Paul, MN, USA) and a cellulose patch. The vessel was also impregnated just before and after catheter insertion with a single drop of lidocaïne 2% (Xylocaïne s 2%; AstraZeneca, Brussels, Belgium). The body of the device was positioned into the abdominal cavity just after the intestines had been massaged back. The implant was secured by suturing it with the muscular layer. The incision was finally closed by muscular (Silkam s 6/0 DS12; B Braun Medical, Brussels, Belgium) and skin sutures (Safil Quick s 6/0 DSM11; B Braun Medical, Brussels, Belgium).
Post-surgery care and recovery period: After surgery, the mice were treated with buprenorphine (Temgesic s , Schering-Plough NV/SA, Brussels, Belgium) at a dose of 0.6-0.7 mg/kg intramuscularly. They were housed individually in cages that were placed on a heating pad (36-371C) during 2-6 h post-surgery. Mice were allowed to recover for 10 days. During this period, mice were placed on telemetry receivers and MBP, HR, SYS, DIA and PA were recorded continuously. Daily clinical examination was performed; body weight (BW), water and food consumption (W/FC), behaviour, surgical site and clinical signs indicative of pain were assessed. Animals were observed in their home cages prior to weighing and were then placed in the open field during 3 min for general health evaluation.
CV data acquisition Data were generated using the OpenArt system (DSI telemetry and the PO-NE-MAH Physiology Platform).
The DSI interface allows the digital telemetry signal to be directly interfaced with the PO-NE-MAH analysis software. The DSI equipment simultaneously received radio waves emitted by the implanted transmitter for each instrumented mouse by a receiver (Type RPC, DSI, St Paul, MN, USA) that was placed under the cages. Digital signals were converted into calibrated analogue outputs. The calibration procedure was done at the beginning of each experiment in the DSI interface using values provided by DSI for each implant. The PO-NE-MAH system received these analogue signals (sampling rate 250 Hz) simultaneously, generated the corresponding calibrated digital signals and saved the acquired digitized data into raw data files. The 'BP' analysis module, which uses pre-programmed algorithms, analysed raw data files and generated derived parameter files (.DER data files). The .DER data files contain HR, SYS, DIA and MBP values as well as PA that are collapsed into mean values computed over repetitive logging periods (logging rate).
The values used to generate illustrations were derived from the analysis of raw data files at a logging rate of 60 min during the entire recording period.
Recovery period: BPs (SYS, DIA and MBP), HR and PA were continuously measured during 10 consecutive days to determine the return to normal circadian rhythm. The handler only mildly disturbed animals every day to check the health status and to perform physical examination, BW and W/FC measurements. During the rest of the entire light-dark cycle, animals were left undisturbed (no entrance in the room allowed).
Baseline four-day cycles: After the recovery period, continuous recording of SYS, DIA, MBP, HR and PA was performed during four days. During this period, mice were only briefly disturbed every day while their health status were being checked.
A second period of baseline (4 days) was recorded on the six LC-implanted mice surviving over three months post-surgery, in order to evaluate CV profile after a long period of implantation.
Laboratory Animals (2007) 41 Nicotine treatment: After a period of 24 h baseline measurement, an acute subcutaneous administration of nicotine (Sigma, St Louis, MO, USA) at a dose of 1 mg/kg was given to four mice from the aortic group and six mice from the carotid group, and data were collected continuously for 5 h. At the same time, two control mice from each implantation group received sterile saline. Average changes in MBP, HR, SYS, DIA and PA were recorded over 300 min following administration of vehicle (NaCl 0.9%) or nicotine at 1 mg/kg given by the subcutaneous route.
Circle of Willis evaluation The Circle of
Willis is defined as the circular distribution of arteries at the base of the brain formed by the union of the internal carotid arteries, the anterior and posterior arteries, and the anterior and posterior communicating arteries. The method of visualizing the Circle of Willis consisted of an intracardiac perfusion under deep anaesthesia of carbon black ink (Pelican AG, D-3000; Pelikan Benelux NV/SA), followed by direct observation and digital recording under microscope ( Â 10) of the Circle of Willis vasculature. The brain was also examined for any trace of ischaemia by histopathology. Briefly, after anaesthesia, the heart was exposed and the animal was perfused via the left cardiac ventricle using 10 mL of heparinized saline (0.5%) at 3.3 mL/ min for complete exsanguination. Then a solution of 5 mL of carbon black ink (Pelican AG, D-3000) diluted in saline was perfused with identical conditions until the tissues (e.g. tongue, lips and gums) became black. After decapitation, the brain was carefully removed and fixed in a solution of 10% buffered formalin (Barone et al. 1993 , Kelly et al. 2001 , McColl et al. 2004 ) and then the anatomy of the Circle of Willis was recorded using an Olympus Camedia 3040 digital camera.
Animal euthanasia After the end of use of mice or for mice that were sacrificed for technical or humane reasons, euthanasia was performed by intraperitoneal injection of 0.5 mg/mL of sodium pentobarbital at 60 mg/mL.
Statistical analysis: All statistical computations were performed with SAS 8.2 software.
Body weight and food and water consumption For each parameter, an analysis of variance (ANOVA) for repeated measures was fitted, including treatment, day and treatment by day interaction as fixed effect. The autoregressive structure was considered as the variance-covariance structure of the residuals. This ANOVA model allowed us to estimate in each treatment group, on the one hand, the least-square means of the differences between carotid and aortic groups, and on the other hand, the least-square means of the differences between the baseline (day 0) and any other day j (j ¼ 1, y, 14). The (2sided) P values associated with those differences were reported. A difference was considered as statistically significant if the corresponding P value was less than 0.05.
CV response to nicotine Data obtained 1 h before administration were considered as baseline. Data obtained up to 5 h after the administration were submitted for analysis. Different areas under the curve (AUC) were computed for each animal.
Prior to analysis, all these parameters were log-transformed. An analysis of covariance (ANCOVA) included baseline as covariate and treatment as fixed effect. Least-square means for each treatment and confidence intervals (95%) for mean ratios between treatments were estimated from the ANCOVA model. A treatment has a significant effect on a parameter if the corresponding adjusted P value is less than 5%.
Results
Survival rate and clinical signs during surgical and recovery periods
The duration of LC surgery was approximately about 30-45 min. From the 10 mice instrumented with LC technique, eight mice survived surgery (80%). Indeed, one mouse died during surgery due to carotid disruption and another mouse with abnormal posture was sacrificed several hours after surgery.
Necropsy performed on this mouse revealed that a nerve was ligated together with the carotid artery during surgery. During the recovery period, two mice presented a transient discomfort in moving. Two other surviving mice developed minor and transient skin lesions (alopecia and erythema) a few days after surgery (Table 1) .
The duration of AA surgery was approximately about 1 h to 1 h 15 min. In the AA-implanted mice, 12 out of the 21 instrumented mice survived surgery (57%). During surgery, three mice died after haemorrhage and three other mice were sacrificed due to technical problems of catheter insertion. After recovery from anaesthesia, one mouse died due to respiratory depression and three mice were sacrificed due to suture opening and intestine externalization, or hindlimb paralysis. During the recovery period, one mouse was sacrificed due to its suture opening and one mouse was found moribund on day 2 post-surgery. Two mice were found dead on days 6 and 11 post-surgery. No major signs were observed at necropsy. The eight remaining mice survived to recovery period (10 days) without any clinical signs except for a transient hindlimb paralysis in a single mouse (Table 2) .
Body weight and food and water consumption
Body weight A decrease in BW was observed in both groups on days 2-4
Laboratory Animals (2007) 41 Causes of death or sacrifice during post recovery period (day 11->90) Found dead with no lesions 1 (day 11) Loss of pressure signal due to the catheter clot or catheter loss 2 (day 49) 7 (days 14-49) post-surgery, and was slightly more pronounced in AA-implanted mice (up to 1572%) than in LC-implanted mice (up to 1272%). BW started to increase from day 5 post-surgery, but this increase was slower in the aortic group than in the carotid group (Figure 2a ).
Food and water consumption A marked decrease in food consumption was observed during the first (LC group) or the two first (AA group) days post-surgery. Thereafter, a progressive increase in food consumption was observed from day 2 (LC group) or day 3 (AA group) post-surgery. This increase tended to be higher in LC-implanted mice than in their AA counterparts (Figure 2b ), although the difference between the two groups was not statistically significant. The water consumption followed approximately the same profile as FC, with a marked decrease on day 1 post-surgery, and then a progressive increase back to normal values over the following days in both groups (Figure 2c ).
CV parameters, PA, MBP and HR circadian rhythms during recovery period CV parameters were recorded in a total of 16 instrumented mice (8 for each implantation technique) during the recovery period. Data showed that the circadian rhythms of MBP, HR and PA appeared disturbed for the first few days with regard to the light cycle. Circadian rhythm has previously been defined in mice as a diurnal rhythm with peak values of MBP, HR and PA at the onset of the active period and minimum values during the quiescent light period (Li et al. 1999 ). It was not until day 6 that circadian rhythm organization returned to normal (Figures 3a-c) . The time course of recovery of circadian patterns looked similar for both groups of implanted mice.
Baseline four-day periods
A total of 15 mice (8 for LC and 7 for AA implantation techniques) were included in the first four-day baseline period. One mouse out of the seven AA-implanted group lost the pressure signal during the baseline period (day 14). Baseline data showed that all mice presented the same CV profile during the whole first period of the four-day recording (Figures 4a and b) . MBP values ranged from 85 to 105 mmHg during the light period and 95-120 mmHg during the dark period. For HR, values ranged from 483 to 604 beats per minute (bpm) during the light period and 500-687 bpm during the dark period ( 7) implanted mice obtained by telemetry starting immediately following recovery period (days 11-14) variability in MBP and HR as compared with the other mice. This mouse was not considered in the statistical evaluation. Despite the similar CV profile of both implanted mice, LC-implanted mice showed higher PA than AA-implanted mice during the dark period (Figure 4c ). Indeed, both implanted groups presented a low PA during the light period (0-5 counts/min); however, during the dark period, LC mice were more active than their AA-implanted counterparts (15-25 counts/min versus 5-10 counts/min, respectively).
A second four-day baseline period (3 months after the first baseline period) was recorded on the six remaining LC-implanted mice. Statistical comparison of the data collected during the two baseline periods showed that five out of the six mice kept similar CV parameters (Table 4) .
CV response to nicotine
In the LC group, a tendency to increased SYS and DIA pressures was observed within the 2 h following nicotine administration when compared with the control group, while no significant effect was noted on MBP. The AA group showed a statistically significant increase in DIA (Po0.01) and MBP (Po0.05) when compared with the control group (Figures 5a and b) .
In both the LC and AA groups, HR showed a decrease (Po0.01) within the first 30 min after nicotine administration, followed by an increase (Po0.01) during the 2 h posttreatment, when compared with the control group. PA increased within the 2 h after nicotine administration in both groups and remained higher than in the control group. No statistically significant difference was noted between the carotid and aortic groups (Figure 5c ).
Removal of transmitter and necropsy
Two mice from the LC group lost the signal pressure 49 days post-surgery (Table 2) . They were sacrificed for the removal of transmitters. Necropsy showed that one mouse presented a clot in the catheter, and in the second mouse the catheter was out of the carotid artery. The six remaining LCimplanted mice were maintained over three months post-surgery and were sacrificed for the removal of transmitters. Necropsy did not show any lesions at surgical sites.
Seven mice from the AA group lost the signal pressure between days 14 and 49 postsurgery and were sacrificed for the removal of transmitters (Table 2) . At necropsy, in all mice, the catheter was found to be out of the aorta and three out of the seven mice presented red liquid in the abdominal cavity and/or adhesions.
Laboratory Animals (2007) 41 Two methods for surgical implantation of telemetry devices 397 Figure 5 Averaged change in MBP (a), HR (b) and mean (7SD) of PA (c) in LC (n ¼ 2) and AA (n ¼ 2) implanted mice treated with vehicle (NaCl) or LC (n ¼ 6) and AA (n ¼ 2) mice treated with nicotine at 1 mg/kg by subcutaneous route Evaluation of the Circle of Willis anatomy and brain ischaemia The left and right post-communicating arteries (PcomAs) between the superior cerebellar artery and the middle cerebral artery were found in eight LC-implanted mice, indicating that the anatomy of the Circle of Willis was not altered by this technique.
No histopathological and gross changes suggestive of brain ischaemia were noticed in eight LC-implanted mice. Ink carbon particles were present in most vessels, indicating adequate brain perfusion with ink prior to necropsy.
Discussion
This study compared the LC and AA surgical implantation techniques of telemetry PA C20 transmitters in CD-1 mice. The success rate of surgery, the changes in BW, W/FC, and the circadian rhythm organization of MBP, HR and PA were used to determine the animal recovery. Results from this study showed that the implantation of the pressure-sensing catheter in the thoracic aorta via the LC artery and subcutaneous placement of the transmitter body along the right flank is less invasive (no opening of the abdominal cavity), faster (approximately 30-45 min versus 1 h to 1 h 15 min) and had a higher percentage of surviving mice than the AA implantation technique. Indeed, survival rate was 80% (8 out of 10) with the LC implantation versus 57% (12 out of 21) with the AA technique. Compared with the LC technique, the AA method presented several practical problems during surgery and after recovery from anaesthesia, such as suture opening and haemorrhage, difficulty in catheter insertion into the aorta, hindlimb paralysis and respiratory depression. During the recovery period, only LC-implanted mice showed non-lethal and transient lesions (skin lesions and/or discomfort in moving), while some AA-implanted mice presented lethal complications (exit of catheter out of the aorta and haemorrhages and/or hindlimb paralysis). This finding is consistent with data from Carlson and Wyss (2000) , who reported higher morbidity and mortality rates using the conventional AA method rather than the LC method. Among the problems raised by these authors, the high risk of hindlimb paralysis linked to the size of pressure sensor when placed into the AA, longer anaesthesia period and trauma were associated with abdominal surgery.
Additionally, the use of buprenorphine as a postoperative painkiller could slow down intestinal motility and in combination with a mechanical obstruction in the abdominal cavity (caused by the transmitter); the animals probably die as a result of starvation. On the other hand, it has been previously reported that buprenorphine might adversely affect intestinal function in rats over a number of days due to its enterohepatic circulation (Jablonski et al. 2001) .
Although surviving mice from both techniques showed comparable recovery time for BW, the BW loss observed in AAimplanted mice was more pronounced than in LC-implanted ones. Indeed, even though both groups of mice lost up to 10% of their initial BW immediately after surgery, LCimplanted mice showed a stabilization of their BW from the second to the fourth day post-surgery followed by a progressive weight gain through the remaining period (up to 95% of their initial BW on day 9). In contrast, AA mice continued to lose weight until the fourth day (15%) and then showed a very slow increase up to 90% only on day 9 post-surgery ( Figure 2 ). The data of Mills et al. (2000) are in agreement with our findings in AA mice, as they observed an initial decline in BW (12.5% during the days following the surgery), and a restoration of BW to preimplantation levels approximately two weeks later. However, Butz and Davisson (2001) showed that only four days of recovery are required to go back to presurgical BW in mice implanted using the LC technique.
In parallel, food consumption decreased dramatically by more than 50% during the two first days after surgery in both groups of mice. From day 3, both groups of mice slowly regained the level of approximately 80% of the initial consumption. Water intake roughly followed the same pattern of food consumption.
Laboratory Animals (2007) 41 The decrease in BW and food and water intake could depend on the site of implantation of the telemetry device. We speculate that the physical ability of the mouse to reach the water bottle immediately after recovery was hindered by the presence of the transmitter and the potential pain associated with the surgical wound, especially in AA-implanted mice. According to Leon et al. (2004) , laparotomy induces a decrease in BW and food and water intake in mice. These authors have shown that instrumented mice required at least 13 days recovering pre-surgical BW, despite a recovery of food intake to pre-surgical levels within three days. They attributed the reduced BW of mice after surgery to the effect of anaesthesia on mouse basal metabolism.
Mice implanted with both techniques showed a return to normal circadian rhythm from the sixth day after surgery as evidenced by MBP and HR profiles in Figure 2 . Results of Butz and Davisson (2001) are in agreement with our data, as they showed that in C57BL/6 and BPH/5 mice, circadian patterns remained disorganized with regard to the light cycle until about six days following implantation of the telemetry device. In the same way, data published recently by Leon et al. (2004) suggested that one week is sufficient for recovery of a robust circadian rhythm in mice and confirmed our results by demonstrating that circadian rhythms recovered sooner than BW.
A marked decrease in PA was noted immediately after surgery in both groups of mice through the four first days post-surgery. A regular circadian activity rhythm was again noted from the fifth day for both implanted mice. However, AA-implanted mice showed a lower PA than LC-implanted mice. In their study, Mills et al. (2000) observed that locomotor activity was significantly affected during 10-20 days after AA surgery and attributed this to the weight of the implants (3.4 g), which represented a sudden 12% increase in average BW of implanted mice. However, other studies have shown that, after a recovery time of 7-10 days after implantation of intraperitoneal transmitters with a weight and volume displacement similar to those of the present BP transmitters, mice coped very well with the weight of these transmitters (Carlson & Wyss 2000) .
Simultaneous measurements of MBP from the carotid artery and the aorta during recovery and four-day baseline periods indicated that there were no significant differences in the MBP or HR recorded from the two sites, suggesting that the pressure wave does not significantly dissipate as it travels to the lower aorta (Sakai et al. 1986 ). In contrast, Carlson and Wyss (2000) have shown that although the MBP was consistently higher in the carotid arterycannulated mice than in aortic-cannulated ones, both implantation techniques yielded comparable circadian MBP rhythms. This difference was attributed, in part, to the small number of animals in the AA group (n ¼ 3) and/or the disruption due to the more invasive abdominal surgery and the presence of the probe in the gut.
In our study, LC-implanted mice that were kept over three months after surgery showed a similar CV profile, and no statistically significant difference was observed in MBP or HR baselines recorded between 11 and 14 days, or more than 90 days post-surgery (Table 3) .
The effect of nicotine on CV parameters and PA of mice has already been described in the literature (Marano et al. 1999 , Yildiz 2004 . The response of mice to nicotine was similar to that of rats, irrespective of the implantation technique. In our study, both groups of mice receiving 1 mg/kg of nicotine showed a typical CV response with an increase in BPs (SYS and DIA) following the 2 h post-dose and a biphasic effect on HR with a significant decrease within the first 30 min after nicotine administration, followed by a significant increase during the second hour following treatment (Figures 4a  and b ). However, the AA mice group seemed to be more sensitive than the carotid group to nicotine effect on BP, but this is not conclusive as only two mice were treated in the AA group (versus 6 mice in the LC group) and there was a high individual variability. In both groups of mice, a clear increase in PA was observed during the 2 h after nicotine treatment ( þ 10 to þ 20 counts/min compared with control mice) ( Figure 4c ).
The major concern associated with carotid placement of the telemetry catheter is the induction of cerebral ischaemia due to ligation of the carotid artery. In our study, the evaluation of the integrity of the Circle of Willis in our LC-implanted CD-1 mice revealed a complete circle with the presence of the two posterior communicating arteries ( Figure 6 ). Moreover, no histopathological changes suggestive of ischaemia were noted in the brain of mice after necropsy. Recently, Beckmann (2000) showed that the arterial structure of CD-1 mice ranged from no detectable anastomoses to well-developed, unilateral PcomAs. Other authors have demonstrated differences in shape between the Circle of Willis of different strains of inbred mice, which are due to additive genetic variation between some strains (C57BL/6J, 129/J and BALB/cCF) and their sensitivity to cerebral ischaemia that appears to be related, at least in part, to the functional vascular anatomy at the level of the PcomAs (Ward et al. 1990 , Barone et al. 1993 , McColl et al. 2004 .
The choice between LC and AA implantation techniques must take into account the fact that the Circle of Willis is not completely developed in some strains of mice, especially transgenic mice. Before choosing between the two surgical approaches, one should determine the completeness of the Circle of Willis. In case of an incomplete circle, the carotid approach is not advisable for these strains.
To conclude, the present findings indicate that LC and AA implantation techniques did not present a significant difference in terms of CV profile, and both groups of mice showed a similar CV response to nicotine. However, LC implantation method presents several advantages in comparison with the AA implantation one. The main advantages are that surgery is faster and easier to learn, less invasive and yields a better survival success rate. Mice recovered very well without lethal complications when compared with the AA implantation technique. Moreover, the LC implantation technique seemed to be more suitable for long-term telemetry studies, as six mice out of the eight implanted were maintained in good health conditions and presented a good pressure signal along the period of at least three months post-surgery, while most of the AA-implanted mice lost the signal pressure within 14-49 days post-surgery. Therefore, LC-instrumented mice could be re-used in several successive studies. Consequently, the LC technique respects animal welfare and the application of the 3Rs, at least in terms of refinement and reduction.
We believe that LC implantation is a more efficient, reliable and less labour-intensive method, especially recommended for transgenic mice.
